A cumulus parameterization based on mass fluxes, convective-scale vertical velocities, and mesoscale effects has been incorporated in an atmospheric general circulation model (GCM). Most contemporary cumulus parameterizations are based on convective mass fluxes. This parameterization augments mass fluxes with convectivescale vertical velocities as a means of providing a method for incorporating cumulus microphysics using vertical velocities at physically appropriate (subgrid) scales. Convective-scale microphysics provides a key source of material for mesoscale circulations associated with deep convection, along with mesoscale in situ microphysical processes. The latter depend on simple, parameterized mesoscale dynamics. Consistent treatment of convection, microphysics, and radiation is crucial for modeling global-scale interactions involving clouds and radiation.
Introduction
Many contemporary parameterizations for deep convection used in general circulation models (GCMs) are based on convective mass fluxes (e.g., Arakawa and Schubert 1974; Tiedtke 1989; Gregory and Rowntree 1990; Hack 1994; Zhang and McFarlane 1995) . Heat sources and GCM temperature profiles associated with these parameterizations can show reasonable agreement with observations, as, to a somewhat lesser extent, can moisture sinks and humidity profiles (Gregory and Rowntree 1990; Hack 1994; Zhang et al. 1998 ). This agreement occurs despite the failure of these parameterizations to treat mesoscale processes associated with deep convection. Convective cloud systems with mesoscale components account for large amounts of midlatitude rain and most tropical rain (Houze 1989) . The mesoscale components of these cloud systems are closely linked to deep convective towers but are characterized by microphysical, radiative, and dynamic properties that differ from both deep convection and the large-scale flows in which they exist. The success enjoyed by the parameterizations is probably partially a result of compensation for missing mesoscale processes by various large-scale or convective-cell-scale processes.
D O N N E R E T A L .
Although compensation may occur for heat and moisture sources, adequate treatment of cloud and radiation processes is considerably less likely. Leary and Houze's (1980) analysis shows that the cloud area associated with Global Atmospheric Research Programme (GARP) Atlantic Tropical Experiment (GATE) mesoscale anvils is about 5 times that associated with deep convective cells. Prognostic microphysics are being incorporated in many GCMs (e.g., Smith 1990; Ose 1993; Ricard and Royer 1993; Tiedtke 1993; Le Treut et al. 1994; Boucher et al. 1995; DelGenio et al. 1996; Fowler et al. 1996; Rotstayn 1997; Rasch and Kristjánsson 1998 ). An important source of condensate for these microphysics parameterizations is deep convection, as demonstrated by satellite measurements showing strong cloud forcing in convectively active regions such as the west Pacific (Harrison et al. 1990 ). An accurate treatment of the convective sources in these parameterizations requires that the microphysical characteristics of the convective cells be captured, at least in a statistical sense. Since microphysics at the scales of convective cells depends on vertical velocities at cell scales, cumulus parameterizations depending only on mass fluxes lack the key dynamic component driving cell-scale microphysics. Donner (1993) presents a strategy for parameterizing cell-scale vertical velocities, and thereby microphysics, along with cell-scale mass fluxes. Mesoscale mass fluxes, vertical velocities, and condensate budgets are also treated. Convective cells are represented as an ensemble of elements, each characterized by profiles for mass flux, vertical velocity, microphysical components, temperature, and water-vapor mixing ratio. Cell-scale precipitation and transfers of water vapor and condensate to the mesoscale circulations are computed using this information. The mesoscale circulation is itself dynamically active and generates additional in situ condensate. Donner (1993) applies the parameterization in single columns for the east Atlantic and west Pacific. Alexander and Cotton (1998) use a cloud-system model to design a mesoscale parameterization whose basic framework is similar to Donner (1993) .
The purpose of this paper is to apply Donner's (1993) parameterization in a GCM and to evaluate its impact on the thermodynamics and hydrodynamics of the GCM. Radiative aspects of the parameterization, which represent larger differences between it and other parameterizations, will for the most part be left to later studies. Section 2 outlines the details of implementing the parameterization in the Geophysical Fluid Dynamics Laboratory's SKYHI GCM. Section 3 describes experimental integrations designed to exhibit the behavior of the parameterization and isolate the importance of the mesoscale components of convective systems and the parameterization of convective-scale vertical velocities. Section 4 examines heat and moisture sources associated with parameterized convective systems, with special emphasis on the mesoscale components. Section 5 considers the impact of the mesoscale circulations, and section 6 discusses the role of parameterized cumulus-scale vertical velocities. Section 7 compares some of the important subgrid characteristics of the parameterization to observations.
Parameterization implementation
The fundamentals of the parameterization are described in Donner (1993) . The parameterization is applied there to single columns and is closed using observed precipitation rates. The precipitation rates are used to infer mass fluxes at the bases of members of parameterized cumulus ensembles. Since precipitation rate is a product of the cumulus parameterization in a GCM, these mass fluxes must be parameterized here using a closure. The procedure for obtaining mass fluxes at the bases of ensembles is described in the following paragraphs.
The mass fluxes at cell bases are obtained by requiring that consumption of convective available potential energy (CAPE) by convective systems balances CAPE generation by large-scale flows. CAPE consumption by convective systems is due to both cell-scale deep convection and associated mesoscale circulations. CAPE generation by the large-scale flow is due to all processes except deep convective systems, including radiation and small-scale surface turbulent fluxes. The vertical velocities and densities at the bases of the convective cells are initial conditions for the steady-state thermodynamic and vertical-momentum equations that describe the cell ensemble, as in Donner (1993) . To obtain the cloudbase mass fluxes, only the areas at cloud base are still required.
To obtain the areas at the bases of the convective cells, note that Donner (1993) parameterizes convective-system heat and moisture sources, Q T and Q R , respectively:
Here, c p , refers to specific heat at constant pressure; , potential temperature; q, vapor mixing ratio; p, pressure; and ϭ (p 0 /p) , where p 0 ϭ 1000 hPa and R d is the
gas constant for dry air. The summations are over phase changes ␥ 1 , condensation; ␥ 2 , evaporation; ␥ 3 , deposition (from vapor to ice); ␥ 4 , sublimation; ␥ 5 , freezing; and ␥ 6 , melting. The latent heats of vaporization, sublimation, and fusion are given by L 1 , L 3 , and L 5 . The phase changes are defined to be positive semidefinite, so L 2 , L 4 , and L 6 are negatively signed for evaporation, sublimation, and melting. Cloud properties are indicated by asterisks; primes indicate departures from large-scale averages, which are in turn denoted by overbars. Cumulus and mesoscale vertical velocities are used to evaluate (1) and (2), along with the microphysical and thermodynamic properties of the cells and meso-
scale circulations and their areas. The roles of the vertical velocities include driving cell-scale microphysics that partially determine the water budget for the mesoscale circulations. The cell vertical velocities are evaluated using steady-state equations for vertical momentum, in which vertical advection of vertical momentum balances buoyancy, condensate loading, and entrainment. Each ensemble member is characterized by a different entrainment rate. Cumulus-scale pressure gradients are not included. The mesoscale circulations consist of condensate and water vapor detrained from convective cells and water vapor entrained from the large-scale flow into the mesoscale circulations. The ensemble of parameterized cells provides water source terms for the mesoscale circulation directly. The extent to which water vapor in the mesoscale circulation is converted to ice depends on the ascent rates in the mesoscale circulation. The ascent rate is determined by three basic scalings for the mesoscale circulation: its vertical extent, horizontal area, and lifetime. The vertical extent is the distance from the level at which the least-penetrative cell detrains to the upper troposphere. The horizontal area is proportional to the horizontal area of the convective cells (obtained from their vertical velocities and mass fluxes), and the lifetime is set empirically. The mesoscale condensate is partitioned into a component that drives mesoscale downdrafts upon falling from the mesoscale anvil and a component that detrains horizontally into the large-scale flow. The condensate content of the mesoscale circulation is controlled by its water budget; bulk microphysics are employed only for the cells. A full description of the parameterizations for convective cells and mesoscale circulations appears in Donner (1993) .
In Donner's (1993) approach, the fractional area a 1 (p b ) at the base of an arbitrary member of the ensemble of deep cells can be factored out of the heat and moisture sources:
The fractional areas of the members of the ensemble are functions of height, and the fractional areas of other members of the ensemble can be obtained from a 1 using Eq. (23) of Donner (1993) . The rate at which CAPE is consumed by convection can be expressed
where I 1 is an expression involving vertical integrals of Q T and Q R . By taking the partial derivative of CAPE with respect to time and relating the convectively generated temperature and mixing-ratio changes in the resulting expression to Q T and Q R , the detailed form of I 1 is obtained. This expression is presented in appendix B. The closure (5) is subject to several realizability bounds. There must exist sufficient vapor for it to be satisfied, and the maximum cloud fraction at any height must be no greater than unity. If these conditions cannot be satisfied, the convective system is unable to balance large-scale CAPE generation fully.
There are several requirements imposed before convection can occur. Consistent with (5), ‫(ץ‬CAPE)/‫ץ‬t due to large-scale processes must be positive; CAPE itself must be positive, and I 1 must be negative.
Additional criteria for convection, independent of the closure (5), are also imposed. Two observed characteristics of GATE deep convection suggest that low-level, large-scale ascent is necessary for deep convection in many cases: 1) observed convective inhibition in regions of GATE deep convection was typically around 5 J kg Ϫ1 (Thompson et al. 1979) , and 2) for GATE surface heat fluxes and planetary boundary layer (PBL) depths around 1 km, convective PBL velocities, scaled following Eq. (1.12) of Garratt (1994) , are only around 1 m s Ϫ1 . Thus, boundary layer fluctuations in vertical velocity would be inadequate for near-surface parcels to overcome their convective inhibition. A requirement for large-scale, low-level ascent is imposed:
where
2
The pressure at the level of free convection (LFC) is denoted as p LFC , while p 1 is the pressure at the first GCM level above the ground. The start time t 0 is reset to zero whenever I 2 becomes zero or ‫ץ‬I 2 /‫ץ‬t Ͼ 0. Requiring that time-integrated, low-level ascent exceed a threshold related to the onset of convection is an element of other cumulus parameterizations (e.g., Kuo 1974) . The integral I 2 is obviously a very crude approximation to a Lagrangian parcel trajectory, so an additional requirement that convective inhibition not exceed 10 J kg Ϫ1 is also imposed. [The threshold value for convective inhibition is based on observations from Thompson et al. (1979) .] Donner's (1993) parameterization is designed for deep convective systems. This is most apparent in its inclusion of a treatment for mesoscale anvils but also is implicit in its use of an entraining plume as its model for cumulus cells. Lin and Arakawa's (1997) trajectory analysis of a cloud-system model indicates continuous entrainment throughout the depth of deep cumulus cells, as expected of entraining plumes. However, observations of nonprecipitating cumulus are not consistent with entraining plumes and suggest much more chaotic mixing for such convection (Raymond and Blythe 1986) . Further, the spectrum of entrainment coefficients chosen to partially define the ensemble of cumulus cells in Don- ner (1993) is drawn from GATE observations of deep convection. Thus, the suitability of Donner's (1993) parameterization for shallow or nonprecipitating convection is probably very limited. A further restriction, requiring that the pressure at the level of zero buoyancy be at least 500 hPa less than at the first model level above the surface, is imposed to limit application of the parameterization to deep convection. Of course, shallow and nonprecipitating convection play important roles in the atmosphere. The conditions under which they occur are closer to those that saturated adiabatic adjustment (SAA) can treat in GCMs, that is, local convective instability, as opposed to the finite-amplitude instability associated with deep convection. SAA is used in conjunction with Donner's (1993) parameterization to treat shallow and nonprecipitating convection. SAA is applied to layers whose humidity exceeds saturation and whose lapse rate exceeds saturated adiabatic and restores such layers to constant equivalent potential temperature and saturated humidity. Details can be found in the references in Hamilton et al. (1995) .
The SKYHI GCM used as a base for the experiments in this paper is described in Donner et al. (1997) , except that liquid clouds are treated here following Wetherald (1996) . Additional technical aspects of parameterization implementation are described in appendix B.
Experimental design
Several experimental integrations are run with SKY-HI to demonstrate the general properties of the parameterization and the roles of mesoscale circulations and convective-scale vertical velocities.
The integrations use SKYHI configured as in Donner et al. (1997) , except for the changes in parameterization of liquid clouds described in section 2. The integration identified as ''Cell Meso'' employs the Donner (1993) cumulus parameterization, implemented as described in section 2. To illustrate the role of the mesoscale components in deep convective systems, the Cell Meso integration is compared with an integration identified as ''Cell.'' In the Cell integration, the mesoscale component of the Donner (1993) parameterization is deactivated, and the convective systems consist only of convective cells, as in section 2a of Donner (1993) . The closure (5) applies in both Cell Meso and Cell Experiments. (Of course, there are no mesoscale contributions to Q T or Q R in Cell.)
A distinguishing feature of Donner's (1993) parameterization is its calculation of spatially and temporally varying convective-scale vertical velocities. The role of these variations in vertical velocity is illustrated using a ''Fixed w'' integration. In this integration, the cumulus vertical velocity is assigned a constant value for each member of the cumulus ensemble. The values are different for each ensemble member but do not vary in time or space. One of the obvious advantages of using Donner's (1993) procedure for calculating these vertical velocities using a simplified physical equation for convective vertical velocities is that it avoids the issue of assigning these convective vertical velocities, for which there is no obvious method. For the Fixed w integration, a set of oceanic convective vertical velocities is weighted by 70% and a set of land convective vertical velocities is weighted by 30%. The ocean vertical velocities are obtained from LeMone and Zipser (1980) , with assignment to ensemble members using a procedure identical to that for assigning entrainment coefficients in Donner (1993) . LeMone and Zipser's (1980) oceanic vertical velocities are from GATE, but they are taken here as typical for oceanic convection based on Igau et al.'s (1999) result that the characteristics of oceanic convection were similar in GATE, Tropical Ocean Global Atmosphere Coupled Ocean-Atmosphere Response Ex- 
periment, Equatorial Mesoscale Experiment (EMEX), and the Taiwan Area Mesoscale Experiment (TAMEX).
Following Igau et al. (1999, Fig. 4b ), continental convective vertical velocities are taken as three times those of oceanic convection but do not exceed 15 m s Ϫ1 . The ensemble members then have vertical velocities ranging from 4.5 to 11.2 m s Ϫ1 . Variations in convective vertical velocity are important because convective-scale microphysics is nonlinear with respect to vertical velocity. Note that Fixed w already includes a major source of the nonlinear interaction between convective microphysics and vertical velocity by allowing each ensemble member to have its own vertical velocity.
The integrations are summarized in Table 1 . All integrations begin on 1 March, extracting these initial conditions from the multiyear SKYHI integration with climatological sea surface temperatures described in Donner et al. (1997) . Results shown are averaged for June, July, and August, after a 3-month spinup to allow adjustment to the various combinations of parameterizations employed.
Heat and moisture sources
Heat sources associated with convective systems are illustrated in all cases, explaining the large amount of similarity between the figures. Clearly, deep cells are able to compensate for the absence of mesoscale circulations in Fig.  1b . As noted in section 1, mass-flux parameterizations generally produce reasonable heat sources without explicit incorporation of mesoscale effects. Figure 1 shows that this would also be true for the Donner (1993) parameterization. Even with identical closures, however, there are some differences in the heat sources. Maximum heating is concentrated at slightly greater heights, and cooling occurs in the tropical PBL in the two integrations that include mesoscale processes.
The corresponding moisture sources are illustrated in Fig. 2 . The structures here differ more than for the heat sources. In particular, more drying occurs in the midtroposphere with mesoscale circulations. Moistening persists at pressures lower than 100 hPa with mesoscale circulations, while drying occurs there without them. The latter result stands out in view of the importance of water vapor in the upper troposphere for climate sensitivity (Hall and Manabe 1999) . Houze (1989) compiled vertical-velocity profiles for convective systems in tropical oceanic and island cases. The strongest of these systems have nonzero vertical velocities at pressures less than 100 hPa. Donner's (1993) parameterization moistens at pressures this low only when the FIG. 6. (Continued) deepest convective cells can penetrate to these pressures. The zonally averaged elevated Cell Meso moisture source is thus consistent with Houze's (1989) profiles. The physical processes composing the heat and moisture sources will be analyzed in detail next. The cumulus heat and moisture sources consist of two sets of physical mechanisms, phase changes and flux convergence of heat and moisture due to convective systems, which are not resolved by the large-scale flow. Both of these mechanisms occur in convective cells and the associated mesoscale circulations. Figure 3 illustrates the distribution of the dominant processes at the scale of convective cells. Note that the distributions of heating due to phase changes and due to flux convergence of potential temperature are quite different. Both phase changes and flux convergence play important roles as cell-scale sources. Figure 4 shows two of the major mesoscale processes. Note that the magnitudes of the phase changes in both the mesoscale updrafts and downdrafts are appreciable fractions of those in the convective cells themselves. The strong cooling associated with evaporation in downdrafts is evident in the total heat source in Fig. 1 , where tropical PBL cooling occurs only when mesoscale processes are parameterized. The cumulus heat sources for Cell and Cell Meso in Figs. 1a,b do not differ by as much as the magnitudes of the mesoscale processes depicted in Fig. 4 , however, indicating that, in the Cell integration, convective cells compensate for absent mesoscale processes under the constraint of the same closure. 
Impact of mesoscale circulations
Figures 1 and 2 reveal some differences in the zonally averaged structure of cumulus-parameterization heat and moisture sources when mesoscale processes are not parameterized. These differences are considerably smaller than the magnitudes of heating and cooling associated with the mesoscale processes themselves. This situation does not hold for convective-system mass fluxes (Fig. 5) . Total mass fluxes are much weaker when mesoscale processes are active, and their vertical distribution is much different, with largest mass fluxes concentrated in the lower troposphere when mesoscale processes are active and in the mid-to-upper troposphere when only convective cells are active. This result shows that deep convective cells become more active when mesoscale circulations are absent for a given closure, (5) in this case. This increased, compensating activity explains the reasonable success many massflux parameterizations have enjoyed in representing heat sources, even though they have neglected mesoscale circulations, which observations have shown to be significant (Houze 1989) .
The striking differences in mid-and upper-tropospheric mass fluxes between Cell Meso and Cell (Figs. 5a,b) contrast with the closer cumulus-parameterization heat sources (Figs. 1a,b) . This behavior can be explained in terms of the physical processes that compose the cumulus-parameterization heat source. The heat source Q T in (1) can also be expressed as the sum of a term proportional to the mass flux and a term involving detrainment (Arakawa and Schubert 1974) The large-scale temperature and water-vapor fields interact with the cumulus parameterization through the heat and moisture sources depicted in Figs. 1 and 2 . Although the differences between Cell Meso and Cell are not nearly as large for these sources as for the mass fluxes, the mesoscale circulations change large-scale fields. Figure 6 illustrates the effects of mesoscale circulations on temperature and mixing ratio. The tropical troposphere is warmer, moister, and generally closer to observations in Cell Meso. The t-test significance of the temperature differences between Cell Meso and Cell (using 4-week periods as independent samples) exceeds 0.95 for the tropical troposphere between about 700 hPa and the tropopause and at pressures less than 300 hPa poleward of 60ЊN.
Evaporation from downdrafts is associated with a much smaller moisture sink in the tropical PBL in Cell Meso, and mixing ratios are as much as 4 g kg Ϫ1 higher in the lower tropical troposphere. The changes in the lower tropical troposphere are t-test significant at 0.995 between the surface and about 800 hPa. The moister VOLUME 14 tropical troposphere is also evident in the distribution of precipitable water (Fig. 7) . Although still somewhat drier in the Tropics than the National Acronautics and Space Administration's (NASA) Water Vapor Project (NVAP) observations, the moister Cell Meso precipitable-water field matches NVAP more closely. Differences in precipitable water between Cell Meso and Cell are t-test significant at 0.995 for most tropical and midlatitude regions with appreciable precipitable water. As noted earlier, the cumulus-parameterization moisture source (Fig. 2) extends to higher altitudes in the tropical troposphere when mesoscale processes are treated. The effect on water-vapor mixing ratios in the upper troposphere and lower stratosphere is illustrated in Fig.  8 . The mesoscale circulations generally increase mixing ratios, confining their negative bias relative to Stratospheric Aerosol and Gas Experiment (SAGE) observations to below 220 hPa. The positive bias in the north polar region is much more pronounced in Cell Meso. Since mixing ratios throughout the Tropics are closer to SAGE observations below 100 hPa and the convective moisture source is smaller toward the Poles, this bias is probably more strongly related to meridional transport of water vapor in SKYHI than convection. Radiative cooling associated with this bias also is apparent in the colder temperatures near the Poles in Cell Meso in Fig. 6a. (Most of the changes between Cell Meso and Cell are t-test significant at the 0.995 level.)
The mesoscale circulations produce a fairly complex pattern of changes in the precipitation field (not shown) with little evidence of large, coherent differences between Cell Meso and Cell.
The differences in the structure of the cumulus-parameterization heat source result in different structures in the total diabatic heating field. The latter differences, in turn, lead to differences in the dynamics of the general circulation. Two broad measures of this impact can be seen in the Hadley and Walker circulations. Figure 9 shows that the mean meridional (Hadley) circulation is strengthened by the mesoscale circulations. Midtroposphere meridional heating gradients are stronger near the equator in Cell Meso than Cell (Figs. 1a,b) . Stronger equatorward diabatic-heating gradients increase the intensity of the Hadley circulation (Holton 1992 , chapter 10). Even in Cell Meso, the Hadley circulation remains weaker than in the European Centre for Medium-Range Weather Forecasts (ECMWF) analysis, possibly due to an absence of horizontal-momentum transport in the cumulus parameterization. [Helfand (1979) and Gregory et al. (1997) find that convective momentum transport has important effects on the momentum balance, although their conclusions as to its effect on the strength of the Hadley circulation differ.] Hartmann et al. (1984) find that changes in the vertical structure of heating associated with mesoscale circulations in tropical cloud clusters change the Walker circulation in a linear steady-state model. Figure 10 shows that these mesoscale circulations alter the structure of the Walker circulation in SKYHI also. Figure 10 shows the zonal wind averaged over a tropical band of latitudes from 5ЊN to 5ЊS. The Walker circulation, characterized by strong westerly inflow at low levels west of 135ЊE, is clearly stronger when mesoscale processes are present. The ECMWF analysis exhibits low-level Walker westerly inflow whose magnitude is between the Cell Meso and Cell integrations. When mesoscale processes are included, the low-level Walker westerlies extend closer to the surface than in Cell. Westerlies extend to the surface over about 60Њ in the ECMWF analysis. Upper-level Walker easterlies are stronger than in the ECMWF analysis in both Cell Meso and Cell. Elsewhere in the tropical circulation, the ECMWF analysis shows a band of westerlies in the upper troposphere over South America. These do not exist in the Cell integration but develop (even more strongly than analyzed) when mesoscale circulations exist. (The differences between Cell Meso and Cell for the low-level Walker westerlies are t-test significant at 0.995. The westerly differences over South America and the upper-level Walker easterly differences are generally significant at 0.95.)
Impact of parameterizing convective vertical velocity
A central aspect of Donner's (1993) cumulus parameterization is its inclusion of convective vertical velocities. The purpose of including them is to ensure a physical basis for driving convective microphysics, which are in turn a major source of condensate for mesoscale circulations. The convective vertical velocities are calculated using a steady-state equation for convective vertical momentum, in which vertical advection of vertical momentum is balanced by buoyancy, condensate loading, and entrainment. This section considers the role of spatial and temporal variations in convective vertical velocity, primarily by comparing Cell Meso with Fixed w, in which the procedure described in section 3 is used to fix vertical velocities for each ensemble member. Note that Fixed w still allows for a major source of nonlinearity between convective vertical velocity and microphysics, since there are appreciable variations in convective vertical velocity among ensemble members.
The general effect of parameterizing spatial and temporal variations in convective vertical velocity is to intensify the mesoscale circulations associated with deep convection. This effect can be seen very clearly in smaller mass fluxes in both the mesoscale updrafts (Fig. 11) and downdrafts (Fig. 12) . It is also somewhat evident Understanding the reasons for enhanced mesoscale activity when convective vertical velocity is parameterized requires further study. Several factors are relevant. The parameterized convective vertical velocities need not produce average convective vertical velocities identical to those imposed in Fixed w. Further, the intensity of mesoscale activity in Donner's (1993) parameterization generally increases with convective vertical velocity. This behavior is a result of decreased parcel transit times in convective cells as vertical velocity increases. Decreased transit times diminish the extent to which microphysical processes such as collection and collision can operate, reducing the cell precipitation and increasing the condensate available for building mesoscale stratiform clouds. Since transit times are nonlinear (inversely proportional) to convective vertical velocities, mesoscale intensities would differ in a Fixed w integration, even if average convective vertical velocities were identical to imposed velocities.
Observational evidence regarding the subgrid character of convective systems
The foregoing sections have illustrated that the mesoscale circulations associated with deep convection play important roles in determining convective-system mass fluxes and impact the thermodynamic and dynamic character of the general circulation. The intensity of these mesoscale circulations is related to spatial and temporal variations in convective vertical velocity. Convective systems with associated mesoscale cloud sys- tems are very complex and are of necessity represented in an idealized manner in parameterizations such as that used here. This section will consider observational evidence that relates directly to some of the most important subgrid aspects of the parameterization, namely, those regarding the importance of mesoscale and convective components of the systems and the spatial and temporal variations in convective vertical velocities. Spatial and temporal variations in convective vertical velocity, as represented in Donner's (1993) FIG. 15. (Continued) ization, depend on the variations in large-scale vertical profiles of temperature and moisture. These variations go beyond variations in quantities such as CAPE. For example, observations have shown that land convective vertical velocities generally exceed those of oceanic convection between 500 and 800 hPa, even for similar CAPE (Lucas et al., 1994, Fig. 3 ). This behavior is also evident in Fig. 13 , which shows the composite vertical velocities for convective ensembles over land and ocean for CAPE values between 1500 and 3000 J kg Ϫ1 . Note that these are conditional averages including only cases when convection is present. The frequency of such cases decreases with height; only the most penetrative ensemble members reach the upper troposphere, and, of these, only the most intense reach the greatest altitudes. The vertical velocities in Fig. 13 include all land and oceanic points in SKYHI whose CAPE is within the indicated range, so a direct comparison with the oceanic and land convective vertical velocities in Lucas et al. (1994) is not possible. The convective vertical velocities of Lucas et al. (1994) , which generally show larger differences between oceanic and land convection than SKYHI, are drawn from several field experiments. The differences in SKYHI oceanic and land vertical velocities are the result of different shapes in the temperature profiles over land and ocean. The CAPE values for the composite thermodynamic soundings over ocean and land are 2002 and 2006 J kg Ϫ1 , respectively. For the most penetrative ensemble, the oceanic cumulus cells have a depth of 750 hPa, but the maximum virtual temperature difference between the cells and the large-scale environment when the parameterization is applied to this composite is 4.0 K. For land, the corresponding values are 660 hPa and 5.9 K. This result is consistent with the assessment of Lucas et al. (1994) , who associated weaker oceanic convection with ''skinny'' positive areas on thermodynamic soundings, compared to ''fat'' areas for land. (Note that lower land convective vertical velocities at pressures less than 500 hPa are also consistent with this explanation based on the different shapes of thermodynamic profiles over land and ocean.)
Variations in convective vertical velocities for similar values of CAPE are among the more subtle of verticalvelocity variations. In light of the results presented in section 6 showing the importance of spatial and temporal variations in convective vertical velocities, it is encouraging that the idealized representation of cumulus dynamics in Donner (1993) can capture some aspects of these variations.
The relative magnitude of convective and stratiform precipitation is an important characteristic of convective systems. Satellite-based studies of the sizes of convective systems provide a constraint, since convective cells generally occupy a much smaller area than stratiform shields. Figure 14 shows satellite-based size distributions of convective shields for the oceanic warm pool (Mapes and Houze 1993) and for the Tropics (Machado and Rossow 1993) . The shaded area on Fig. 14 indicates the corresponding range for convective-system areas in SKYHI, assuming 1-20 convective systems per grid box. [Donner's (1993) parameterization provides the total areas of convective systems but not sizes of individual systems.] Satellite-based observations that lie below or to the right of the SKYHI bands are inconsistent with the model results, since even the largest possible systems in SKYHI would be smaller than observed. The results in Fig. 14 show that the Cell integration is not capable of matching observed system sizes. The mesoscale circulations are clearly necessary for the SKYHI results to be consistent with observations. Spatial and temporal variations shift the sizes of convective systems toward smaller sizes, as can be seen by comparing the SKYHI bands for Cell Meso and Fixed w, but the absence of these variations does not render the convectivesystem sizes inconsistent with observations.
Another means of assessing the relative roles of convective and stratiform processes in convective systems is to examine the ratios of stratiform to convective precipitation as measured by the Tropical Rainfall Measuring Mission (TRMM; available online at http:// lake.nascom.nasa.gov/data/dataset/TRMM). TRMM convective and stratiform rain amounts have been compared with Kwajalein ground-based radar by Schumacher and Houze (2000) and found to be in reasonable agreement, within 10% for both convective and stratiform rain. Figure 15 illustrates the ratios of stratiform VOLUME 14
to convective precipitation. For comparison with TRMM, all SKYHI stratiform and convective precipitation is included in this comparison. The Cell Meso and TRMM patterns show many areas of agreement. The Fixed w integration, however, has smaller stratiform ratios in many areas (west Pacific, tropical east Pacific, equatorial Africa, Arabian Sea, Bay of Bengal) than Cell Meso. The stratiform ratio over much of the west Pacific is only 20%-30% in Fixed w, compared to 30%-50% in Cell Meso and 40%-50% in TRMM. Spatial and temporal variations in convective vertical velocity are important in improving agreement of the partitioning of stratiform and convective precipitation between SKYHI and observations. In extreme contrast, in Cell, the SKY-HI field shows vastly lower stratiform precipitation ratios in regions of deep convection than TRMM.
There are large regional variations in the ratios of stratiform to convective precipitation in Fig. 15 . No single controlling parameter is evident for the stratiform precipitation ratio. Deeper clouds, often associated with larger values of CAPE, generally have less condensate available for mesoscale circulations than shallower clouds; the longer transit distance for parcels moving through such clouds enables convective microphysics to remove more condensate as precipitation. For clouds of comparable depth, higher vertical velocities imply shorter parcel transit times, and these clouds have more condensate available to build mesoscale circulations. The patterns in Fig. 15 are aggregates of these and other competing processes. The local minima in the stratiform ratio in Fig. 15 over equatorial Africa, the western and central Pacific, and extreme eastern equatorial Atlantic are all near areas of CAPE maxima. The effect of convective vertical velocity on the stratiform ratio is evident for the land and oceanic composite profiles (Fig. 13) . The fraction of condensate not precipitated from convective cells is higher for all but the shallowest ensemble member for the land convection with its higher vertical velocities, as much as 30% higher for an ensemble member detraining in the midtroposphere and 12% higher for the deepest ensemble member, even though it is 90 hPa deeper than for the oceanic profile. The rough agreement between the stratiform ratios for TRMM and Cell Meso suggests that some of these competing physical mechanisms are captured in the parameterization.
Conclusions
By adding cumulus-scale vertical velocities to mass fluxes in a parameterization for deep convection, a physically consistent treatment of cumulus-scale microphysics has been developed. Explicit parameterizations for the mesoscale components of deep convection can be constructed using the vapor and condensate detrainment from deep convective cells parameterized in this way. Implementation of a parameterization including microphysics and mesoscale components in a GCM shows that global contributions from the mesoscale components are important relative to those from the deep convective towers.
Heat and moisture sources and sinks differ somewhat when mesoscale processes are parameterized, but mass fluxes are very different. Substantially more detrainment occurs in the midtroposphere, and mass fluxes are reduced, when mesoscale processes are parameterized. Implications for tracer transport by deep convection are likely to be important.
Mesoscale circulations associated with deep convection influence the atmospheric general circulation in several ways. Convective-system moistening extends to greater heights in the upper troposphere, reducing a dry bias relative to SAGE observations there but producing a moist bias in the lower stratosphere. The tropical troposphere is generally more humid, and the Walker and Hadley circulations are both intensified by these mesoscale circulations.
Mesoscale circulations are more intense when convective vertical velocities are parameterized than when typical velocities are imposed. Nonlinearities between convective vertical velocities and microphysics play a role in this behavior.
Several mesoscale and related subgrid aspects of the parameterization are consistent with field and observational studies. Convective vertical velocities are greater over land than ocean, even for similar CAPE values. The size distribution of convective systems is consistent with satellite observations only if mesoscale processes are parameterized. Ratios of stratiform to convective precipitation have a pattern generally similar to TRMM observations, and their magnitudes match TRMM more closely if convective vertical velocities are parameterized. 
APPENDIX A

Symbols and Units
Symbol
VOLUME 14 J O U R N A L O F C L I M A T E APPENDIX B
Implementation Details
a. Closure integral
The closure integral I 1 is obtained taking the local time derivative of CAPE:
The density temperature T is defined as
1 ϩ q T where ⑀ is the ratio of molecular weights of water to dry air and q T is the total water mixing ratio. The density temperature of a parcel lifted without dilution from the GCM level nearest the ground is denoted as T p . In the present application, prognostic cloud condensate is not used, so the density temperature does not include condensate effects. The closure integral I 1 is simplified in the following, as a result. The components of the derivative related to convection then are equated to a 1 (p b )I 1 , yielding
Note that (B3) also includes a contribution between p g and p LFC (convective inhibition) not in (B1), but this simplification should have little effect.
b. Other details
As noted in section 2, ice clouds are generally treated as in Donner et al. (1997) . A small-particle correction for large-scale ice clouds, described in section 2.4 of Donner et al. (1997) , was not actually applied there but is applied in the present study. Radiative properties of convective anvils are also treated as in Donner et al. (1997) , except that the convective precipitation rate required by Slingo (1987) is obtained directly from the convective-system parameterization instead of SAA.
In GCM application, flows occasionally develop that do not fall within the patterns for which the parameterization was designed. These situations are handled as described subsequently. These situations are uncommon but are summarized here for completeness.
If the least penetrative ensemble is not at least 500 hPa deep, the mesoscale component of the convective system does not form. Instead, the convective system in these cases consists only of convective cells (cf. section 2a, Donner 1993) .
Deposition in mesoscale anvils follows the procedure described in section 2b(3) of Donner (1993) , except when an inversion exists at a level within the mesoscale circulation, in which case no additional in situ deposition occurs with mesoscale ascent unless the inversion top is reached. Also, note that a term ( p)/ m , where q m is the mesoscale lifetime, should be added to the left side of the first expression in Donner's (1993) section 2b(3) .
If the base of the mesoscale updraft is within 200 hPa of the ground, no mesoscale downdraft forms. Consistent with the highly simplified treatment of mesoscale downdrafts in Donner (1993) , this represents cases where insufficient evaporative cooling to drive a mesoscale downdraft occurs. The base of the mesoscale updraft is at the level closest to the ground where the ensemble as a whole begins to provide water vapor to its environment, rather than where the least penetrative member does so. The latter approach is taken in Donner (1993) . Also, should an ensemble fail to detrain water vapor, only condensate is transferred to the anvil, whose base is taken to be the level where the least penetrative member's vertical velocity vanishes.
